In this work we study the effect of long range electron-electron correlations on the behavior of the normal state of metal-intercalated phenacene crystals. While the individual phenacene molecules are modeled by the Pariser-Parr-Pople Hamiltonian with long range Coulomb interactions, we derive a correlated minimal model for describing the phenacene ionic crystals. We find that long range electron correlations do not change the behavior of the phenacene ions with molecular valence −1 (monoanion) and −2 (dianion), compared to that observed for short range electron interactions. The monoanion crystal is a single-band 1 2 -filled antiferromagnetic Mott-Hubbard semiconductor while the dianion crystal is a two-band semiconductor with inter-molecular antiferromagnetic and intra-molecular ferromagnetic spin orderings. However, the trianion crystal is no longer a nearly degenerate 3 4 -filled two-band system. We show that this occurs because the kinetic stability of the 3 4 -filled two-band system with long range correlations is smaller compared to that with short range correlations, for the lattice sizes considered in this study. We argue that with large finite lattices, behavior of the trianion crystal with long range correlations will be same as that with short range correlations. We thus conclude that long range correlations fail to alter the normal states of metal-intercalated phenacene crystals.
I. INTRODUCTION
Strongly correlated multi-orbital systems lie at the forefront of modern day condensed matter physics. Interaction between the charge, spin and orbital degrees of freedom of the electrons in these systems leads to various novel phenomena like, giant magnetoresistance, itinerant ferromagnetism, charge-orbital ordering, and superconductivity (SC) [1] [2] [3] [4] [5] [6] [7] [8] . Among the multi-orbital superconductors, many show SC at a fixed or very narrow region of carrier density. The ones which are of particular interest to us are the carbon(C)-based unconventional superconductors such as the charge-transfer solids (CTS) 9 , alkali metal-doped fullerides (A 3 C 60 ) [10] [11] [12] , and the metal-intercalated phenacenes [13] [14] [15] [16] [17] [18] [19] . Experimentally it is found that SC in the CTS occur under pressure and at the carrier density ρ ≈ 0.5 20, 21 ; ρ is defined as the ratio of the number of charge carriers to the number of active orbitals, i.e., N e(h) /N o , where e(h) refer to electron(hole). Similarly, doped fullerides and metalintercalated phenacenes are found to show SC under pressure and at molecular valence −3, which correspond to ρ = 1.5 22 ; note that ρ = 1.5 (electrons as charge carriers) and ρ = 0.5 (holes as charge carriers) are equivalent. Three different classes of C-based materials showing SC at a fixed carrier concentration raises an important question: Is there something special about carrier density 0.5?
In order to understand the mechanism of SC in these multi-orbital C-based systems it is important to first understand the normal state at this particular carrier concentration. It is with this motivation that we began the investigation of the electronic structure of metaldoped phenacenes 22 , which have been claimed to be superconducting [13] [14] [15] [16] [17] [18] [19] only at molecular valence −3. After the discovery of SC in metal-intercalated phenacenes, other groups have failed to reproduce the results obtained by Kubozono et. al. for picene 13, 14 and Wang et. al. for phenanthrene [15] [16] [17] . However recently, Artioli et. al. have reported SC in Sm-doped phenanthrene, chrysene, and picene 23 . They conclude that the presence of SC at molecular valence −3 irrespective of the number of phenacene rings "raises new questions that open the way for further and new theoretical investigations on the electron pairing mechanism" in polycyclic aromatic hydrocarbons.
In addition to the work of Artioli et. al., we believe that a proper theoretical understanding of the normal state of metal-intercalated phenacenes (phenanthrene and picene) is of interest from another perspective, namely, understanding pressure-induced antiferromagnetic-to-SC transition in A15 Cs 3 C 60 24, 25 . In what follows, the terms monoanion, dianion and trianion will refer to M 1− , M 2− and M 3− , respectively; here, M refer to a molecule and the superscript denote the charge of M , i.e., number of doped electrons. In both phenacenes and fullerides (for which experimental results are robust), there is apparent breaking of charge conjugation symmetry, i.e., crystals of mononions and trianions behave differently. While molecular solids of phenacene and fulleride trianions show SC, crystals of their monoanions are semiconducting. In neutral C 60 molecules, the Lowest Unoccupied Molecular Orbitals (LUMOs) are empty and triply degenerate; the levels are referred to as t 1u . Upon electron doping, by virtue of Jahn-Teller distortion and electron-electron (e-e) interactions, this degeneracy is lifted; for illustration sake we shall denote these non-degenerate levels as t n 1u , where the superscript n refer to the orbital occupancy. Thus, each C 3− 60 ion consists of a low lying t In our previous study on phenancenes 22 we have shown that breaking of charge conjugation symmetry is a bandwidth induced effect, that gets further enhanced by electron correlations. A similar scenario is expected to hold for doped fullerides also, thereby leading to an alternative description of SC in doped fullerides within our theory of metal-intercalated phenacenes. At ambient pressure molecular solids of both C and t 1 1u levels of the trianions by virtue of inter-ion interorbital hoppings leading to the formation of a ρ = 3/2 two-band paramagnetic system. SC in this case will be related to populations of 3/2 in two non-degenerate levels which become close in energy by virtue of increased band-width, and the pairing is inter-molecular rather than intra-molecular. Such a band-width induced population exchange will not occur in the monoanion crystal by virtue of its molecular charge and it continues to be a ρ = 1 antiferromagnet (AFM). We are unaware of any experiment in this context that would preclude our proposed mechanism.
In our previous work 22 , we have explicitly shown that in the presence of short range e-e interactions, the normal states of the monoanion and trianion crystals are not identical but differs substantially. These different normal states under pressure would have different behaviors and thus, while the monoanion crystal is an AFM, the trianion solid shows SC. A summary of our previous results is presented in Sec-III. The motivation behind the present study is to understand the effect of long range e-e interactions on the normal states of the phenacene ionic crystals. Our modeling of charged phenacene crystals begins from an atomistic description of the individual molecules, described within a π-electron model. We construct localized molecular orbitals (MOs) for the individual phenacene molecules from which the description of the crystal is built using the frontier MOs (FMOs) as basis orbitals. Previously we had addressed the normal state of metal-intercalated phenanthrenes by deriving an effective low-energy Hamiltonian, H Hub L,L+1 , within the localized basis of the LUMO (L) and LUMO+1 (L+1) FMOs 22 , and describing the individual phenanthrene molecules by the Hubbard model having only onsite (short range) e-e correlations. But C-based materials like the phenancenes are known to possess long range Coulomb correlations and thus, the Hubbard model is inadequate for their complete description. In the present work we model the individual phenanthrene molecules by the Pariser-Parr-Pople Hamiltonian (PPP) 41, 42 having true long range e-e interactions. The effective crystal Hamiltonian in this case is depicted by H P P P L,L+1 . We find that long range interactions, apart from renormalizing the individual terms in H Hub L,L+1 , introduce an additional repulsion term between same spin electrons occupying different orbitals on the same molecule (see Sec-II). We thus anticipate that long range correlations will not affect the normal state of the monoanion crystal but should alter the behavior of the dianion and trianion crystals. We find that long range e-e interactions only alter the behavior of the trianion crystal, although the monoaniontrianion asymmetry persists. We will show in Sec-IV that the change in behavior of the trianion crystal is due to the size of the lattices that we have considered. These small system sizes fail to provide the kinetic stability needed by the trianion crystal to behave as a nearly degenerate two-band 3 4 -filled system (see Sec-III).
II. THEORETICAL MODELING AND COMPUTATIONAL DETAILS
Metal-intercalated phenacenes crystallize in the Herringbone motif which is shown in Fig. 1 . The complete Hamiltonian for such a solid can be be written as H = H intra + H inter , where H intra depict the intramolecular Hamiltonian of individual phenacene molecules and H inter represent the inter-molecular interactions. The intra-molecular Hamiltonian can be expressed as,
In the above c † µ,i,σ creates a π-electron of spin σ in the p z orbital of the i-th C-atom of the µ-th molecular ion, n µ,i,σ = c † µ,i,σ c µ,i,σ , and n µ,i = σ n µ,i,σ . The primed sum in the site-energy dependent term of Eq. 1 is restricted to C-atoms without C-H bonds, accounting for their higher electronegativity than those with C-H bonds 44 . The nearest neighbor (< ij >) hopping integral of individual phenacene molecules is t; we take t = 2.4 eV, which is the standard intra-molecular hopping integral for C-based systems. U represents the onsite Coulomb repulsion between two electrons of opposite spins occupying the 2p z orbital of a C-atom of a phenacene molecule; we vary U from 0 − 10 eV in this study. The parametrized expression for the V i,j term, which depicts the intersite repulsion between two electrons on C-atoms i and j of a phenacene molecule, is given below.
Here, R i,j (inÅ) is the distance between C-atoms i and j of a phenacene molecule. The constant κ models the dielectric constant of the medium and determines the strength of V i,j as a function of distance 45 . The above parametrization with U = 11.13 eV and κ = 1 corresponds to the Ohno parametrization 46 . The inter-molecular Hamiltonian can include hoppping of electrons between the molecules (H ). In this study we have neglected all the terms in H inter except H 1e inter , as they do not affect our generic qualitative theoretical model. These terms can be included later for deriving a quantitative theory. In what follows,
Here, t µ,ν,i,j are the inter-molecular hopping integrals between C-atoms i and j of molecules µ and ν, respectively. Compared to the intra-molecular hopping term t = 2.4 eV, the inter-molecular hoppings are tiny and generally of the order of 0.1 − 0.2 eV (cf. 22) . Solving H in the complete space of 2p z atomic orbitals is computationally impossible due to its overwhelmingly large dimension. We therefore work within the standard approach of molecular exciton theory and first transform H from the 2p z atomic orbital basis to the MO basis; this unitary basis transform is exact. We then identify the FMOs for the problem and derive an effective Hamiltonian in the reduced subspace of the FMOs. In the case of phenacenes, the L and L+1 orbitals accommodate the doped electrons upon metal-intercalation and are well separated from the remaining low and high energy MOs. In Table I we have shown the single-particle energy gaps for phenanthrene and picene at two different values of , illustrating the separation of the FMOs from the low and high lying MOs. Due to the tiny values of inter-molecular hoppings t µ,ν,i,j relative to ∆ H,L and ∆ L+1,L+2 in phenanthrene, occupations of the lower bonding and higher antibonding MOs are not affected by band formation involving the L and L+1 orbitals only. However for picene this is not the case as ∆ L,L+1 ∼ ∆ L+1,L+2 , and participation of the L+2 orbital can be expected. Within the reduced subspace, due to small ∆ L,L+1 , no Coulomb (e-e) matrix elements between L and L+1 orbitals should be ignored as well as, all inter-molecular hoppings between them have to be taken into consideration. The importance of the inter-molecular L-L+1 hoppings will be discussed in Sec-III. The reduced Hamiltonian H P P P L,L+1 within the subspace of the L and L+1 orbitals can be written as,
Here, k indices refer to L and L+1 orbitals. In the Appendix we show the derivation of H P P P L,L+1 and discuss the various terms occuring in reduced Hamiltonian.
We numerically study finite zig-zag 1D lattices [see Fig. 1 ] with nearest and next-nearest neighbor hoppings between the molecules, using the Diagrammatic Valence Bond (DVB) technique [47] [48] [49] . This is an exact diagonalization method utilizing the complete, non-orthogonal, S total and S z total conserving valence bond basis. Within the reduced subspace of the FMOs, the real space nearest and next-nearest neighbor hoppings translate to 3 kinds of inter-molecular inter-orbital hoppings, namely, t
and t
L+1,L+1 j
; j = 1, 2, denote nearest and next-nearest neighbors. The parameters of our reduced Hamiltonian [Eq. 4] are ∆ L,L+1 , intra-molecular e-e interactions, i.e., U and κ, and the multiple inter-molecular hopping integrals. While the first two are obtained from molecular calculations, we parametrize the intermolecular hoppings based on our previous work 22 . The parametrized values of the inter-molecular hopping integrals (in eV) considered in this work are as follows: t
We consider ∆ L,L+1 = 0.3 eV, 0 ≤ U ≤ 10 (in eV), and κ = 1.0, 3.0. We study 1D phenanthrene lattices with 10 ions (20 MOs) with charges −1 (10 electrons) and −3 (30 electrons), and 8 ions (16 MOs) with charge −2 (16 electrons). Studying 10 ions with molecular charge −2, i.e., 20 electrons on 20 MOs, is beyond current computational capacity. We compute the ratio of the average charge densities on the L and L+1 orbitals, i.e., n L+1 n L , and spin-spin correlation functions given by S
and µ = molecule index. Apart from these observables, we also calculate the kinetic energies of the L and L+1 orbitals,
Here, µ is the index of the molecule and p ∈ [L,L+1]; other symbols have already been defined.
III. SUMMARY OF PREVIOUS RESULTS

Previously
22 we had derived an effective Hamiltonian, H L,L+1 Hub for metal-intercalated phenanthrene crystals within the localized basis of the L and L+1 orbitals of individual phenanthrene molecules. The reason for choosing these MOs have already been discussed in the previous section. The individual phenanthene molecules were described by the Hubbard model with short range (onsite) e-e interactions. In the U = 0 limit, the band structure of H L,L+1 Hub was composed of MOs of predominantly either L-or L+1-character. In both our past and present study, we call these as L-and L+1-derived MOs. We found that in the absence of the t the HOMO and the LUMO of the phenanthrene crystal with E F = 0. When electrons were filled in this band structure, we found that the monoanion and the dianion crystals of phenanthrene had all L-derived MOs occupied only. As a result n L+1 /n L = 0 for both, where n L and n L+1 were the average orbital occupancies of the L-and L+1-derived MOs. In the trianion crystal however, electrons occupy both the L-and L+1-derived MOs, thereby making n L+1 /n L = 0.5. In the presence of the t L,L+1 j terms however, we found that in the uncorrelated limit, both in 1D and 2D, the band structure of phenanthrene crystals consist of clusters of L-and L+1-derived MOs occuring alternatingly as shown in Fig. 2(b) . As a result, the ratio n L+1 /n L > 0 and 0.5 in the dianion and trianion crystals, respectively. The monoanion by virtue of its molecular charge, continued to have all L-derived MOs occupied only, thereby making n L+1 /n L = 0. Therefore in the U = 0 limit, presence of the t L,L+1 j terms enforced charge asymmetry between the monoanion and trianion crystals. Note that there is no charge asymmetry between molecular valences −1 and −3 in the absence 
IV. RESULTS AND DISCUSSION
In Sec-III we discussed the effect of short range e-e interactions on the normal state of metal-intercalated phenanthrenes. Here we present our results showing the effect of long range Coulomb correlations on the same. For simplicity's sake, we will be referring to the diagonal e-e repulsion terms between opposite spin electrons as U
representing e-e repulsion between same spin electrons will be denoted asŨ ↑,↑ L,L+1 while the off-diagonal componentŨ
will be denoted asŨ 2e L,L+1 . In Table II we have compared the magnitudes of the various e-e interaction terms present in H for smaller values of κ and larger values of U . We also find that when U > 6 eV and κ = 1, the e-e interaction parameters in H L,L+1 P P P acquire unphysical values. Consequently in Fig. 3(b) the X-axis is truncated at U = 6.0 eV. Based on Table II we now explain the behavior of the normal states of the three kinds of phenanthrene ionic crystals in the presence of long range e-e correlations. the monoanion crystal is 0, indicating that the populations of the L-and L+1-derived MOs are respectively, · · · 1111 · · · and · · · 0000 · · · ; 1 and 0 refer to singly occupied and empty sites, respectively. Thus with long range interactions also, the electrons in the monoanion crystal are "confined" to the L-derived orbitals only. We therefore expect, as we had observed for H Hub L,L+1 , that the electrons will be antiferromagnetically coupled to each other as this is the most stable configuration. Plot of intermolecular L-L spin-spin correlations at U = 6.0 eV and ∆ L,L+1 = 0.3 eV confirms our expectation and indicate antiferromagnetic (AFM) spin ordering in the monoanion [ Fig. 3(d) ]. The antiferromagnetic interactions between the L-derived MOs are however stronger than that found with short range correlations, indicating that long range correlations stablize the 1 2 -filled AFM state more than short range interactions. This is because of increased magnitude of the U ↑,↓ L,L term due to renormalization [see Table II ]. Note that smaller values of the screening constant κ sustains larger AFM couplings because the intramolecular Coulomb potential V i,j becomes "steeper" with decrease in κ. As the the L-derived orbitals are occupied only, K L is non-zero as seen from Fig. 4(a) . Due to electron hoppings, the site charge densities of the Lderived orbitals changes from · · · 1111 · · · to · · · 1201 · · · to · · · 1210 · · · ; here, 2 refers to doubly occupied sites. The tendency to form 2s and 0s will decrease with increase in U , which dictates all the e-e repulsion terms in H P P P L,L+1 . Therefore in Fig. 4(a) we find that with increase in U , K L decreases nearly monotonically. Thus, from Figs. 3(a), (b) and (d), and Fig. 4(a) we find that the behavior of the monoanion crystal is the same with both short and long range e-e interactions. We therefore surmise that long range correlations do not affect the nor- We have already seen in Sec-III that the band structure of the dianion crystal is such that it allows electron exchange between the L-and L+1-derived MOs at U = 0. Population exchange between these MOs is further enhanced by short range e-e interactions 22 result-ing in n L+1 /n L → 1. From Fig. 3(c) it is observed that with long range correlations also, as U is increased, n L+1 /n L → 1. However, compared to short range interactions, long range correlations bring about population equalization "faster", i.e., at relatively smaller U values. Furthermore, the atomic U at which n L+1 becomes equal to n L is dictated by the screening constant, i.e., the "steepness" of the intra-molecular potential V i,j . n L+1 /n L → 1 in the dianion crystals in the presence of long range correlations is very intriguing because the repulsion termŨ ↑,↑ L,L+1 is supposed to hinder population equalization. To understand this behavior of dianion crytals, we compare the potential energies, E(P.E), of three configurations with equally populated L-and L+1-derived MOs in Fig. 5 . We choose these because configurations with equally populated L-and L+1-derived orbitals have maximum kinetic stability and are thus prone to be favored over other configurations. From Fig. 5 it is evinced that configurations like (I) have the minimum potential energy and are hence dominant in the ground state of the dianion crystal. This explains the behavior of the spin-spin correlation functions shown in Fig. 6 : While the inter-molecular L-L and L+1-L+1 spin-spin correlations are antiferromagnetic in nature, the intramolecular L-L+1 spin-spin couplings are ferromagnetic. Depending on the magnitude of U the dianion crystal behaves as a two-band system with either 0 < n L+1 /n L < 1 or n L+1 /n L = 1. These two ground states being different from each other, are expected to have different kinetic energies. This is indeed the case as seen from Fig. 4(b) . If we compare Figs. 3(c) and 4(b) it is found that the U value at which n L+1 /n L increases suddenly coincides with the U value at which K L and K L+1 show sudden decrease. Once population equalization has occurred, K L K L+1 and both of them decrease monotonically with U as the L-and L+1-derived orbitals become effectively 1 2 -filled. Due to finite size effect the values of K L and K L+1 are not of same magnitudes although in the thermodynamic limit they are expected to be same.
By virtue of the band-width effect, crystals of phenanthrene trianions have n L+1 /n L > 0.5 at U = 0. From  Figs. 3(a) and (b) it is observed that short range e-e interactions further enhance this charge transfer between the L-and L+1-derived orbitals, thereby making n L+1 /n L → 1.0. Long range correlations on the other hand suppress this tendency and coerce n L+1 /n L to approach its U = 0 value with increase in U , as evinced from the same figures . In other words, the tendency of trianion crystals to form a nearly-degenerate 3 4 -filled system is hindered by long range correlations. In order to understand this, we will first briefly discuss how short range e-e interactions drive trianion crystals toward population equalization. Consider the Mott-Hubbard configuration [configuration (I) in Fig. 7] . Although it has the minimum potential energy compared to all other configurations, its kinetic stability is also minimum. This is because of K L being zero. Any other configuration with n L+1 /n L > 0.5 has more kinetic stability due to contribution from both K L and -filled two-band system. K L+1 . This gain in kinetic energy overrides the increase in potential energy due to electron exchange between the L-and L+1-derived orbitals. Now, consider configurations (II) and (III) of Fig. 7 ; while (II) has n L > n L+1 , (III) has n L = n L+1 . Although the potential energies of these configurations are comparable, any double occu-pancy conserving electron hops for configuration (II) will lead to an increase in potential energy. No potential energy increase will however occur for configuration (III) by virtue of these double occupancy conserving hops; we define double occupancy conserving hoppings as electron hops within the L-derived (L+1-derived) orbitals such that the number of doubly occupied L-derived (L+1-derived) orbitals remain unchanged 22 . In other words, configurations with n L+1 /n L 1 will have higher kinetic stability and therefore dominate in the ground state wavefunction at U > 0.
With long range correlations however, configurations like (II) dominate the ground state wavefunction and therefore n L+1 /n L (at U > 0) → n L+1 /n L (at U = 0). This implies that the double occupancy conserving electron hops fail to provide configurations like (III) the kinetic stability needed to overcome the initial potential energy gain. If we look at the magnitudes of E(P.E) in Fig. 7 , we find that magnitudes of the potential energies of the configurations in the presence of long range correlations are almost double compared to their magnitudes with short range correlations. This indicates that the behavior of the trianion crystals with long range e-e interactions will be dominated by E(P.E) rather than kinetic stability. Simply stated, this implies that with increase in U the ground state wave function of the trianion crystal will be dominated by configurations which are kinetically more stable than the Mott-Hubbard configuration but with the minimum number of electrons promoted from the L-to the L+1-derived orbitals. For example, in the lattice of 20 MOs with 30 electrons, for 0 < U ≤ 10, only 2 electrons are transferred from the L-to the L+1-derived MOs, thereby making n L+1 /n L ∼ 0.7 [see Figs. 3(a) and (b)]. We believe that the behavior of the trianion crystal in the presence of long range correlations is due to smaller band-width compared to the e-e interactions. In case of short range correlations the band-width was comparable to the e-e interactions and thus allowed cooperation between the two. There are two possible ways to increase the band-width: (a) Increase the magnitudes (within realistic limits) of the inter-molecular inter-orbital hopping terms, i.e., t µ,ν j , and, (b) increase the lattice sizes chosen. However, (b) is not possible in the present context as the lattices used are the largest possible within our exact diagonalization study. Therefore if the behavior of the trianion crystal does not change upon increasing the magnitudes of the t µ,ν j terms, then small system size is the reason for the trianion crystal for behaving differently in the presence of long range correlations.
We computed n L+1 /n L and K L and K L+1 for the trianion crystal with larger hopping parameters, i.e., larger band-width, at ∆ L,L+1 = 0.3 eV and κ Figs. 3(a) and 4(c) , respectively. We find that the behavior of the trianion crystal at large U remains unchanged even with increased hopping parameters. We therefore conclude that long range interactions demand longer system sizes compared to those studied in the present work. The L-L, L+1-L+1 and L-L+1 spinspin correlations [ Figs. 8(a)-(c) ] however show that there is no spin ordering in the trianion as was found with short range correlations. This again indicates that the ground state of the trianion is not of the Mott-Hubbard type with n L = 2 and n L+1 = 1, but with n L and n L+1 slightly less and more than 2 and 1, respectively.
V. CONCLUSIONS AND DISCUSSIONS
In this work we have addressed the effect of long range Coulomb correlations on the normal state of metalintercalated phenacene crystals, taking phenanthrene as example. The individual phenacene molecules have been modeled by the Pariser-Parr-Pople Hamiltonian. We derive an effective correlated model Hamiltonian H
to describe the phenacene ions in the solid state within a localized basis of the L and L+1 FMOs. We find that long range correlations not only renormalize the Coulomb terms occuring in H Hub L,L+1 but also introduce an additional intra-molecular repulsion term between same spin electrons; H Hub L,L+1 is the effective Hamiltonian obtained by describing the individual phenacene molecules by the Hubbard model with short range e-e interactions. It is found that the normal states of the monoanion and dianion molecular solids remain unaffected by the presence of long range interactions. The monoanion crystal continues to behave as a single-band 1 2 -filled Mott-Hubbard semiconductor with L-L antiferromagnetic spin order. The dianion crystal undergo population equalization with increase in the strength of e-e repulsion, i.e., U . Spin-spin correlations show that the inter-molecular L-L and L+1-L+1 spin couplings are antiferromagnetic while the intramolecular L-L+1 spin couplings are ferromagnetic. The trianion's behavior with short and long range interactions is however different. With short range correlations the trianion is a nearly 3 4 -filled two-band system without any spin order. However, in the presence of long range interactions, with increase in U , the tendency towards population equalization between the L-and L+1-derived MOs is suppressed and the ratio n L+1 /n L reaches its U = 0 magnitude. This occurs because the system sizes chosen in this study are not large enough to provide the kinetic stability necessary for n L+1 /n L 1. Thus the trianion crystal behaves as a two-band system with n L slightly less than 2 and n L+1 slightly greater than 1, and without any spin order. We believe that larger system sizes will allow population equalization in the trianion crystal even with long range correlations. We thus conclude that the behavior of the normal state of metal-intercalated phenanthrene crystals are not affected by long range Coulomb correlations.
Occurance of SC under pressure and at a fixed carrier concentration is a signature of C-based superconductors. While SC occurs at carrier density ρ = 0.5 in the CTS, both fullerides and metal-intercalated phenacenes show SC at the molecular stoichimetry of −3. The CTS can be either electron or hole doped with one electron or hole per dimer resulting in ρ = 0.5. Examples of hole and electron doped CTS are κ−(BEDT) 2 X, where X = Cl, Br, I, (NCS) 2 , Cu 2 (CN) 3 , and, Z[Pd(dmit) 2 ] 2 salts, Z = P, As, Sb, respectively; here, BEDT = bisethylenedithio-tetrathiafulvalene and dmit = 1,3-dithiol-2-thione-4,5-dithiolate. In metal-intercalated phenacenes, two MOs per molecule accommodate 3 electrons and thus ρ = 3 2 . Similar scenario is expected in the case of doped fullerides also: 3 electrons on two non-degenerate MOs separated by a gap equal to the Jahn-Teller distortion energy, thereby giving ρ = 3 2 . However as discussed in Sec-I, all available theoretical works on the fullerides are based on the idea that SC occurs from an effectively 1 2 -filled (ρ = 1) Mott-Hubbard AFM; this theoretical approach however suffers from some drawbacks, for example, it is unable to explain the absence of SC in singly-doped fullerides. Thus, it is important to revisit the mechanism of SC in doped fullerides. Also, instead of focussing on each of these three classes of C-based superconducting materials separately, stress should be given on understanding whether these materials indeed have a common normal state and thus, a common mechanism of SC.
The matrices χ and ψ are inverses of each other and N µ,k,σ = a † µ,k,σ a µ,k,σ . The above transformation from the complete basis of atomic orbitals to the complete MO basis is exact. The terms H ee intra (onsite) and H ee intra (long range) correspond to the intra-molecular inter-atomic ee repulsions due to the short and long range components of the PPP Hamiltonian (Eq. 1). The second and fourth terms of Eq. A3 are same as the first and second terms in Eq. A2, respectively, except with different coefficients. Thus, the long range component of the PPP Hamiltonian renormalize the onsite (U -dependent) terms in Eq. A2. The third term in Eq. A3 denotes the e-e repulsion between parallel spins on different MOs, within the same molecule; the last term in Eq. A3 depict density-dependent intra-molecular hoppings between different MOs. Eqs. A2 − A4 represent H in the complete MO basis. The reduced Hamiltonian H L,L+1 can be obtained by restricting the sums over the k's in Eqs. A2 − A4 to the L and L+1 orbitals. are also present in Eq. A5. One of them is refered to as the two-electron (2e) hopping term and is responsible for promoting an electron pair from the L orbital to the L+1 orbital and vice versa. The other off-diagonal term gives rise to Hund's coupling between the singly-occupied L and L+1 orbitals on the same molecule 22 . The magnitudes of U are equal in the absence of long range e-e interactions.
However, in the presence long range e-e interactions it is found that |U µ,j,L+1 being negative. Although the energies of the L and L+1 orbitals, namely, E L and E L+1 , get renormalized, ∆ L,L+1 does not change. Note that in Eq. A5 the density-dependent hopping term (last term in Eq. A3) is absent. This is because densitydependent hoppings are important only when orbitals of same symmetry are involved. Thus for phenanthrene with FMOs of different symmetries, this term does not contribute. However, for phenacenes like picene, where each molecule can behave as a three-orbital system due to ∆ L,L+1 = ∆ L+1,L+2 , this term is expected to have a non-zero contribution; ∆ L+1,L+2 is the single-particle gap between the LUMO+1 LUMO+2 levels.
